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Abstract— In the current research work, the behavior of the boiling heat transfer coefficient in a flat-plate solar collector/evaporator,
component of a direct-expansion solar-assisted heat pump (DX-SAHP) was studied using a hydrocarbon refrigerant with zero Ozone
Depletion Potential (ODP) and low Global Warming Potential (GWP). The main dimensions of the collector/evaporator are 0.8, 3.8,
and 1000 mm of the fin thickness, internal diameter, and length, respectively. Five experimental tests were realized at different times
of the day for obtaining the results, with mass velocities varying between 197.59 and 267.26 kg·m-2·s-1, and the heat flux having values
between 72.83 and 488.27 W·m-2. The operating values in tests, such as refrigerant pressure and temperature, were taken in a built
prototype. The numerical analysis was carried out considering different correlations proposed by Chen, Wojtan, and Kattan. The
Wojtan mathematical model offered the best projection of the heat transfer effect for the different transition zones of a two-phase flow
along the pipeline. The boiling heat transfer coefficients had approximate maximum values of 8.2, 8.5, 7.8, 6.7, and 5.8 kW·m-2·K-1 for
the A, B, C, D, and E tests prediction by Wojtan. Moreover, the boiling heat transfer coefficients increased as the mass velocity enhanced
and the rise of vapor quality as the mass velocity was fixed. In this study, the effect of solar radiation, vapor quality on the measured
heat transfer coefficient was analyzed.
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Mehendale [8] develops a new correlation to predict the heat
transfer coefficient of pure refrigerants and near-azeotropic
refrigerant mixtures undergoing flow boiling within
horizontal microfine tubes. The analysis includes vapor
qualities from 0 to 1, heat and mass fluxes ranging from 1 to
58.7 kW·m-2 and 25 to 820 kg·m-2·s-1. The new correlation
performs better than any of the six selected correlations for
the assessment in the 0.9–1.0 vapor quality range, the 50–100
kg·m-2·s-1 mass flux range, saturation temperatures between
−5 and 0 °C, and heat fluxes ranging from 0–5 and 50–55
kW·m-2.
Shao et al. [9] studied two-phase flow boiling of R134a in
a pump-assisted separated heat pipe. A test section of 1 m
effective length was prepared of the horizontal circular
smooth copper tube with an inner diameter of 10 mm and
outside diameter of 12 mm. The outside tube wall
temperatures were measured by Pt1000 platinum resistance at
five positions. The heat transfer coefficients were compared
with the correlation given by Mohseni. It shows that all the

I. INTRODUCTION
Nowadays, the use of hydrocarbon refrigerants has become
an environmentally friendly alternative [1]. The ecologically
friendly refrigeration industry requires transitioning to
working fluids with a low GWP and zero ODP energyefficient [2]. According to Longo et al. [3] this type of
refrigerant have an ozone-depleting potential (ODP) equal to
0 and a global warming potential (GWP) smaller than 3 [4].
Besides, their residence time in the atmosphere is less than
one year [5]. Roy and Halder [6] mention that some
developing nations have already adapted hydrocarbons by
replacing
Chlorofluorocarbons
(CFC)
and
hydrofluorocarbons (HFC) as domestic refrigerant. Wu et al.
[7] explain the negative impact of using conventional
fluorinated refrigerants. Besides, they express that, since they
are highly used as working fluids in heat pumps systems, their
impact on the environment is manifested exponentially and
produced a significant greenhouse effect when leaked.
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experimental data are inside the 10 % confidence interval
predictions at x > 0.1. However, the error is 30% at x ≤ 0.1.
Dang et al. [10] studied the flow boiling heat transfer
characteristics for pure refrigerants of R134a, R245fa and
their binary zeotropic mixture. The test plate consisted of
seven parallel channel passages with the same total length of
110 mm and a cross-sectional area of 2 mm2. The experiments
were performed at the same inlet evaporating temperature of
26 °C under conditions of the heat flux and mass flux ranging
from 20 to 350 kW·m-2 and 300 to 400 kg·m-2·s-1,
respectively. The results indicated that the maximum heat
transfer coefficient of R134a was 27,000 W·m-2·K-1 while
that for R245fa was 18000 W·m-2·K-1. Still, it decreased more
severely when the heat transfer deterioration occurred at high
heat flux.
Mostafa et al. [11] studied heat transfer in a matrix made
up of five slotted tubes, using the refrigerant R290 as the
working fluid. The experimental tests were taken with a
constant saturation temperature of 5.5 °C, a Reynolds number
that varies between 200 and 2200, heat fluxes between 10 and
40 kW·m-2, and flow rates between 100 and 660 kg·h-1. The
results obtained based on R290 were compared with the
refrigerant R134a and determined that the tube matrix's heat
transfer coefficient is 25 % higher for R290 compared to
R134a.
Sarmadian et al. [12] investigated the boiling heat transfer
characteristics of the refrigerant isobutane (R600a). The tests
were taken on a horizontal copper pipe with a length of 1000
mm and an internal diameter of 8.1 mm, in addition to the
twisted interior tapes with torsion ratios of 4, 10 and 15, mass
velocities of 160 to 350 kg·m-2·s-1 and vapor qualities 0.1 to
0.8. The results showed that pipes with twisted tape present
values in the heat transfer coefficient between 4500 and 5500
W·m-2·K-1, and in a smooth pipe, the HTC is approximately
3800 W·m-2·K-1 for a mass velocity of 160 kg·m-2·s-1, while,
for a mass velocity of 350 kg·m-2·s-1, the pipes with twisted
tape present an HTC between 8000 and 10000 W·m-2·K-1. For
a smooth pipe, the HTC is presented with a value of
approximately 6000 W·m-2·K-1, all the results for values in
the steam quality between 0.55 and 0.8. Thus, concluding that
the twisted tape increases heat transfer with increasing dough
speed and steam quality.
The heat transfer characteristics by fluid boiling were
studied by Choi et al. [13] for the refrigerant R290 in smooth
horizontal microchannels with internal diameters of 1.5 and 3
mm. They applied working conditions such as heat flux, mass
velocities, and saturation temperature of 5 to 20 kW·m-2, 50
to 400 kg·m-2·s-1 and 0.5 and 10 °C, respectively. They proved
that the pipeline diameter is directly related to the interchange
heat, where the heat transfer coefficient has a value of 3500
W·m-2·K-1 for a diameter of 3 mm, and 4500 W·m-2·K-1 for a
diameter of 1.5 mm, for values of quality between 0.4 and 0.5.
Similarly, the heat transfer coefficient takes values 4500,
4000, and 3500 W·m-2·K-1 with saturation temperatures of 10,
5, and 0 °C, respectively. The authors concluded that as the
diameter decreases and the saturation temperature increases,
the heat transfer coefficient increases and vice versa.
The present research aims to determine the heat transfer
coefficients' behavior along a horizontal pipeline, using an
ecological hydrocarbon refrigerant (R600a) and a renewable
energy source (solar energy). For this purpose, five tests were

realized at different times, and the results will be shown using
three other correlations proposed by Chen [14], Wojtan et al.
[15] and Kattan et al. [16] which will have a different
projection of the heat transfer coefficients.
II. MATERIAL AND METHOD
Solar-assisted heat pumps (SAHP) operate under the use of
the steam compression thermodynamic cycle [17]. This
technology can convert and transport solar heat to the working
fluid to store heat. With a size smaller than conventional
heating systems, these systems may be able to capture the
same amount of energy with a high percentage. Besides, they
are suitable to operate at temperatures below 70 °C; this
equipment can be equipped with photovoltaic panels [18][19]. According to Chatuverdi et al. [20], for the DX-SAHP
system, the collector/evaporator is merged with a unit that
seeks to transfer solar energy to the working fluid to
demonstrate its effectiveness in saving energy, as shown in
Fig. 1 [21]. Their applications include air conditioning, cold
storage, solar drying, and water heating systems [22].

Fig. 1 DX-SAHP equipment used for obtaining experimental data [23].

A. Collector/Evaporator
For the analysis of the heat transfer coefficients, we used
initial data taken from the collector/evaporator shown in Fig.
2, which is part of a DX-SAHP system.

Fig. 2 Scheme of the collector/evaporator

Table 1 indicates physical data of the equipment that
utilizes R600a refrigerant as working fluid.
TABLE I
DATA OF THE FLAT-PLATE SOLAR C OLLECTOR/EVAPORATOR

Variable
Internal diameter
External diameter
Length of the pipeline
Area of the tube
Length of the collector
Width of the collector
Cross-sectional area of the collector

Value
3.8 mm
6.35 mm
1000 mm
1.13411 E-5 m2
1000 mm
223.4 mm
223400 mm2

In the analysis, five tests were carried out at different times,
obtaining the experimental data shown in Table 2, which
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enable obtaining the heat transfer coefficients under different
types of correlations.

ℎ

TABLE II
EXPERIMENTAL D ATA FOR 5 D IFFERENT TESTS
Variables
Time
Ambient
temperature
[°C]
Average
incident solar
radiation [W·m2]
Mass flow
[kg·s-1]
Quality
Surface
temperature
[°C]

A

B

C

D

E

12:15

12:40

12:30

16:45

20:40

17.6

18.3

17.9

15.4

12

464.1

652.9

582.6

123.22

0

0.176

0.256

0.215

0.2305

0.2325

14.5

14.5

14.5

12.6

9.5
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The heat transfer coefficient in the vapor phase is
determined by applying equation 6, obtaining its parameters
from the temperature at the evaporator's outlet and with steam
quality equal to 1.
ℎH = 0.023
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The liquid phase's heat transfer coefficient includes the
nucleated and convective boiling analysis, as shown in
equation 7.
ℎJK0 = L ℎ

M

O

M NP

+ ℎ

(7)

where hcb presents the convective boiling constant and the
exponent of the Reynolds number with values 0.0133 and
0.69, respectively, used in equation 8. The thickness δ of the
liquid film, with the liquid Reynolds number Rel, considers
the liquid part properties since they have the same concept as
Chen [14].
ℎ

= QRST 2UT .
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.
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Afterwards, it is proceeded to determine the total boiling
heat transfer coefficient, also known as the coefficient around
the periphery.

1:1

RST =

where hnb is the nucleated heat transfer coefficient, and hcb is
the convective heat transfer coefficient. Chen [14] applies
equations for two-phase flows, i.e., that both steam and liquid
are present so that the convective heat transfer coefficient
should be analyzed in the following way.
ℎ

+ ,-./0.1 ,2./0.34 5

6789 = 6.08/0 :;

1) Correlation Proposed by Chen. According to Chen
[14] the total boiling heat transfer coefficient is obtained as
the sum of its two forms, convective and nucleated, as
indicated in equation 1.
+ℎ
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2) Correlation Proposed by Kattan et al: Kattan et al.
[16] propose a mathematical model that contains the boiling
heat transfer coefficient, obtaining it from its convective and
nucleated part. The total coefficient is analyzed depending on
the flow zones that occur in the pipeline. If there are
intermittent and annular zones, the dry angle will be equal to
0, but if different zones are found, the ratio with the stratified
flow angle is considered.

B. Correlations
From the study of the Chen [14], Kattan, et al. [16] and
Wojtan et al. [15] correlations, a comparison between the
three models is realized using the R600a refrigerant in
horizontal pipelines, analyzing each of the flows that occur
along the whole pipeline of the collector/evaporator.
The boiling heat transfer coefficient appears in both
convective and nucleated forms. According to
Saleem et al. [24], when the wall temperature exceeds the
saturation temperature of a fluid by a certain degree, the
transition from surface evaporation to nucleate boiling occurs.
The nucleation produces steam bubbles that accumulate in the
center of the tube, which causes the liquid to circulate close
to the wall, producing an annular flow. It enables an increase
in the liquid velocity so that the thin layer will continue to
evaporate due to the nucleation. In contrast, the convective
boiling appears at the liquid and steam interface with high
values of quality, where the liquid film tends to dry in the
superior part of the tube, and this benefit because the
perimeter does not become wet.

=ℎ

".#$

where S is the suppression factor, applied to verify the
experimental data, and it is represented with the two-phase
Reynolds ReTP.

0.002682 0.003031 0.002950 0.002602 0.002241

ℎ

= 0.00122 !

;?

V

I

DEC> @
I

V

(8)
(9)
(10)

The film's thickness considers a different analysis in the
dry angle compared to in equation 9, using the following
equation 11.
6789 = 6.08/0

(2)

(11)

The hnb uses a reduced pressure Pre, the molecular weight
of the fluid M and the heat flux, where it is taken into account
the roughness of the surface equivalent to one micron. Still,
Kattan et al. [16] assume it is not necessary when performing
the calculations. At the same time, they indicate that this
nucleate boiling coefficient is aimed at predicting the value of
using the refrigerants.

where the properties of the liquid are utilized since the heat is
transferred by an annular film generated by the liquid and the
wall, where F is the modification factor as a function of the
Martinelli parameter (xtt). On the other hand, the properties
include the saturation temperature and pressure for the
nucleated part. The temperature gradient keeps a relation with
the flow rate and the steam quality.
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Such analysis is only performed when the dry-out zone is
present, while in the mist zone is present, the analysis varies
with the use of a homogeneous Reynolds (ReH) and a
multiplying factor Y, obtained as follows:

(12)

3) Correlation proposed by Wojtan et al.: Wojtan et al.
[15] proposed an improvement to the correlation proposed by
Kattan et al. [16], which includes in the analysis more zones
that may be present in the pipeline. For this purpose, the
authors propose to study the dry angle for the different zones
that can be found in the flow patterns along a pipe, where the
stratified angle will be equal to 0 when finding zones such as
slug, intermittent and annular. Equation 13 will be used for
dry out and mist zones, while for areas such as slug +
stratified-wavy, equation 14 will be used.
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where xde is the dry out completion quality, which is obtained
from equation 26.
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III. RESULTS AND DISCUSSION
Various tests were carried out at different times to obtain
the results, for which the correlations mentioned in the
previous section were utilized. The plots showed a similar
trend to the ones presented by Chen [14], Wojtan et al. [15]
and Kattan et al. [16].
A. Test A
Fig. 3 shows three heat transfer coefficients obtained in
tests realized at 12:15 with an incident solar radiation of
464.1 W·m-2 [23]. The curves show an increasing trend from
their initial point up to a quality value greater than 0.9, but
when in the dry out zone, the three curves have the same
behavior decreasing in an accelerated manner to values
between 4 and 5 kW·m-2·K-1, respectively.

(16)

where AL is the cross-sectional area of the liquid, as indicated
in equation 17.
fT = 0.5R1 L 2g − 6.08/0 − hij 2g − 6.08/0 N (17)

Another difference in this improvement is in the mist's
analysis, dry out and stratified-wavy zones. If a dry out zone
is present, equation 18 is specifically utilized for the dry out
zone instead of using hTP.
(18)

where xdi is the quality at the beginning of the dry out zone,
from the Weber and Froude number for the vapor zone.
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The analysis suggested by Wojtan et al. [15] to determine
the boiling heat transfer coefficient identifies in a better
manner the zones present in the pipeline since it enables to see
the start of the dry out or the mist.

where the drying angle will be replaced by the stratified angle,
as shown in equation 16:

ℎ789kl0 = ℎ0m n7o

(22)

Indeed, the heat transfer coefficient for the dry out zone
changes, inserting the coefficient of the mist zone, as follows:

(15)

6789 = 6.08/0

;?

} = 1 − 0.1 ~

On the other hand, equation 5 allows the calculation of the
two-phase heat transfer coefficient hTP and equation 6 the heat
transfer coefficient in the vapor zone or the drying perimeter
hv. In contrast, equation 7 is used for the coefficient of heat
transfer in the zone of liquid or humid perimeter hwet, which
are the same of Kattan et al. [16]. However, as it is known,
the latter uses hcb and hnb from equations 8 and 12 and the
same aforementioned analysis; the only difference is that for
nucleated boiling, Wojtan et al. [15] multiply by a factor S of
0.8, which helps to predict the experimental points with more
accuracy, especially for higher heat flux and for convective
boiling. The thickness of the film δ takes into account
equation 15 for its analysis, indicating the update of the
model.
W = −d
1

= 0.0117RS{.3| 2UH . a }

RS{ =

(13)

6.08/0

o.0

(19)
(20)
Fig. 3 Heat transfer coefficient with initial quality 0.176

(21)
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B. Test B
For case B shown in Fig. 4, tests were carried out with
experimental data taken at 12:40, where the incident solar
radiation had a maximum value of 659.2 W·m-2. The curves
take a trend upward at the initial values of quality until
reaching an approximate value of 0.9, where the curve drops
in an accelerated manner for the Chen [14] and Kattan et al.
[16] correlations until reaching values of 4.5 and 6 kW·m-2·K1
, respectively, while the heat transfer coefficient descended
to values smaller than 1 kW·m-2·K-1 for the Wojtan et al. [15]
correlation.

The behavior is similar for tests B and C, obtaining minimum
heat transfer values of 0.516 and 0.507 kW·m-2·K-1,
respectively. Equations 22 to 26 are used to get the predictions
shown in Fig. 4 and 5, which show the final behavior of the
heat transfer coefficient.
D. Test D
The heat transfer coefficients for experiment D are
presented in Fig. 6, which were obtained with experimental
data taken at 16:45, with an incident solar radiation of 123.22
W·m-2 [23].

Fig. 4 Heat transfer coefficient with initial quality 0.256

Fig. 6 Heat transfer coefficient with initial quality 0.2305

C. Test C
Fig. 5 shows the heat transfer coefficients obtained using
experimental data taken at 12:30, with an incident solar
radiation of 582.6 W·m-2 [23]. The plot shows the heat
transfer coefficient's real behavior within the tube, with a
curve increasing from the initial values of quality and an
accelerated drop when reaching quality values greater than
0.9. For the Chen [14] and Kattan et al. [16] correlations,
during the drop, the values fluctuate between 4.5 and 6 kW·m2
·K-1, respectively, while for the Wojtan et al. [15] correlation,
it descended to values smaller than 1 kW·m-2·K-1.

The plots show a similar trend, with growth for the initial
values of quality and an accelerated drop to values between 4
and 5 kW·m-2·K-1 for values of quality greater than 0.85, with
different behavior respects Wojtan et al. [15] correlation.
E. Test E
Fig. 7 indicates the heat transfer coefficients obtained with
experimental data taken at 20:40, with an incident solar
radiation of 0 W·m-2. The plots show an increasing behavior
from the initial values of quality up to 0.85 quality, where the
plot decreases to values between 3.5 and 5 kW·m-2·K-1; there
is different behavior in the plot Wojtan et al. [15] correlation.

Fig. 5 Heat transfer coefficient with initial quality 0.215

Fig. 7 Heat transfer coefficient with initial quality 0.2325

The coefficients obtained from the Kattan et al. [16] model
for tests B and C shown in Fig. 4 and 5, respectively, indicate
a behavior similar to the Wojtan et al. [15] model; when
showing a minimum zone of mist flow, the tests tend to
increase from their limit with the dry-out zone, due to the lack
of analysis for such zone. The Wojtan et al. [15] mathematical
model provides a more accurate prediction of the heat transfer
coefficient depending on the zones where the flow is found.

Fig. 6 and 7 corresponded to tests D and E, the plot has a
prediction different from the other plots for the Wojtan et al.
[15] correlation since, due to the zone change of the flow, the
model performs a different analysis for the dry out angle;
when a stratified-wavy zone is present, the correlation
specifies the use of equation 18. This zone's behavior is a drop
and then an ascending trend in the heat transfer coefficient,
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which tends to decrease when finding the dry-out zone, as
shown in most of the cases.
F. Effect of the Heat Flux and Mass Velocity
The three models studied for the different tests realized are
shown in Fig. 8, 9, and 10, where it presents for the highest
values of heat flux and mass velocities of 488.27 W·m-2 and
267.26 kg·m-2·s-1, respectively, the heat transfer coefficients
will be larger, while for the smallest values of heat flux and
mass velocities of 72.83 W·m-2 and 197.59 kg·m-2·s-1,
respectively, the heat transfer coefficients will be smaller.
Chen [14] correlation shown in Fig. 8 indicates a general
investigation of the heat transfer coefficient along a pipeline
without analyzing the different zones' behavior where there is
two-phase flow. Furthermore, the model of Kattan et al. [16],
shown in Fig. 9, presents an updated study of the heat transfer
coefficient; their analysis indicates an exponential trend in the
plot. Additionally, the value tends to drop in an accelerated
manner when exceeding the quality of 0.9 and to find a
different zone in the two-phase flow distribution. Wojtan et
al. [15] obtained an updated correlation after finding three
new zones for flow patterns. The new correlation shown in
Fig. 10 presents an analysis about the behavior of the heat
transfer coefficient, which indicates that when finding zones
such as mist, the trend of the plot will drop to values smaller
than 1 kW·m-2·K-1, while for zones such as stratified-wavy, it
will show an exponential trend of drop and growth until
reaching the dry-out zone.

Fig. 9 Kattan et al. [16] correlation for distinct heat flows and mass
velocities.

Fig. 10 Wojtan et al. [15] correlation for distinct heat flows and mass
velocities.

IV. CONCLUSION
The use of hydrocarbons such as R600a and R290 has
become a clear alternative for replacing conventional
refrigerants such as R22 for refrigeration systems and DXSAHP systems. The heat transfer coefficients were
investigated in a collector/evaporator with a horizontal copper
pipeline with an internal diameter of 3.8 mm, for distinct heat
flux and mass velocities. Based on three different models, the
results indicated the following:
 Heat flux and mass velocity are directly proportional to
the heat transfer coefficient since they have 488.27 and
267.26, respectively. Applying Chen [14], Kattan et al.
[16], and Wojtan et al. [15] models, maximum values
of 6.78, 9.15, and 8.55 kW·m-2·K-1, respectively, were
obtained.
 When a general study about the heat transfer coefficient
is realized, like the one performed by Chen [14], the
plot showed a growing trend for approximate values up
to 0.8, and it will drop to minimum values between 4
and 5 kW·m-2·K-1 when this quality limit is exceeded.
 The best results were obtained employing test A; the
three models start at values between 3 and 4 kW·m-2·K1
for an initial quality value of 0.176, and end at
approximate values between 4 and 5 kW·m-2·K-1 for
maximum quality of 0.99.

Fig. 8 Chen [14] correlation for different heat flows and mass velocities.

Kattan et al. [16] correlation show an updated calculation
about the heat transfer coefficients, reducing the iterative
calculations and studying the behavior of a two-phase flow
within the pipeline in a more precise manner. However, even
then, the correlation does not show the heat transfer
coefficients' actual behavior because not all the zones that
occur in the boiling process of a pipeline are studied. Wojtan
et al. [15] modified the Kattan et al. [16] correlate and show
equations that eliminate iterative calculations to precisely
analyze a boiling fluid's behavior. Their analysis extends for
the three new zones found: slug, slug + stratified-wavy, and
stratified-wavy, and explain that a distinct behavior of the heat
transfer coefficient exists in each zone, as can be
distinguished in Fig. 4, 5, 6, and 7.

NOMENCLATURE
AL
C
Cp
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Cross-sectional area of the liquid
Constant
Specific heat at constant pressure

m2
J·kg-1·K-1

D
F
Fr
g
GA
hlv
hTP
hnb
hcb
hwet
k
m
M
P
Pr
Pre
q
qcrit
R
Re
ReH
ReTP
S
T
We
x
xdi
xde
Y

Inner diameter
Modification factor
Froude number
Gravity
Mass velocity
Enthalpy vaporization
Two-phase heat transfer coefficient
Nucleated heat transfer coefficient
Convective heat transfer coefficient
Liquid heat transfer coefficient
Thermal conductivity
Mass flow
Molar mass
Pressure
Prandtl number
Reduced pressure
Heat flux
Critical heat flux
Inner radius
Reynolds number
homogeneous reynolds number
Two-phase Reynolds number
Suppression factor
Temperature
Weber number
Vapor quality
Quality at the beginning of the dryout
zone
Dryout completion quality
multiplying factor

Greek letters
ƒ
Dynamic viscosity
„
Surface tension
…
Density
6
Angle
†
Void fraction
W
thickness of the film

m
m·s-2
kg·m-2·s-1
J·kg-1
W·m-2·K-1
W·m-2·K-1
W·m-2·K-1
W·m-2·K-1
W·m-1·K-1
kg·s-1
g·mol-1
kPa
W·m-2
W·m-2
m
K
-

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

kg·m-1·s-1
N·m-1
kg·m-3
rad
m

[12]

[13]

Subscripts
dry
Dryout zone
L
Liquid phase
v
Vapor phase
sat
Saturation
strat
Stratified zone
wavy Wavy zone

[14]

[15]

[16]
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